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Introduction {#acn3715-sec-0005}
============

Hypertrophic pachymeningitis (HP) is an intractable neurologic disease that causes inflammatory fibrous thickening of the brain and spinal dura.[1](#acn3715-bib-0001){ref-type="ref"}, [2](#acn3715-bib-0002){ref-type="ref"} Although corticosteroids and immunosuppressants are used to treat HP, it is frequently resistant to immunotherapies, resulting in serious sequelae.[3](#acn3715-bib-0003){ref-type="ref"}, [4](#acn3715-bib-0004){ref-type="ref"}, [5](#acn3715-bib-0005){ref-type="ref"} Because no relevant animal model of HP currently exists, there is an urgent need to develop an appropriate animal model to investigate the disease pathogenesis of HP.

We previously conducted a nationwide survey of HP in Japan and identified two major causes: immunoglobulin (Ig)G4‐related and anti‐neutrophil cytoplasmic antibody (ANCA)‐related disease.[6](#acn3715-bib-0006){ref-type="ref"} IgG4‐related disease is an increasingly recognized disease presenting with a lymphoplasmacytic infiltrate enriched for IgG4‐positive plasma cells in multiple organs,[7](#acn3715-bib-0007){ref-type="ref"} which undergo progressive fibrosis.[8](#acn3715-bib-0008){ref-type="ref"}, [9](#acn3715-bib-0009){ref-type="ref"} Type 2 T helper (Th2) cells play a key role in this condition because IgG4 production is driven by Th2 cytokines.[7](#acn3715-bib-0007){ref-type="ref"}, [8](#acn3715-bib-0008){ref-type="ref"}, [9](#acn3715-bib-0009){ref-type="ref"}

In the present study, we established a novel animal model of HP using IgG4‐related disease model mice[10](#acn3715-bib-0010){ref-type="ref"} with a mutation (Y136F) in the linker for activation of T cells (LAT) to investigate therapeutic targets.[11](#acn3715-bib-0011){ref-type="ref"}, [12](#acn3715-bib-0012){ref-type="ref"}, [13](#acn3715-bib-0013){ref-type="ref"} LAT controls the development and function of T cells by assembling a multiprotein complex following tyrosine phosphorylation.[11](#acn3715-bib-0011){ref-type="ref"}, [12](#acn3715-bib-0012){ref-type="ref"}, [13](#acn3715-bib-0013){ref-type="ref"} LATY136F mutant mice, in which tyrosine at position 136 of LAT is replaced with phenylalanine, develop an early proliferation of Th2 cells that produce large amounts of Th2 cytokines, leading to hyper‐IgG1 (IgG4 human equivalent) and hyper‐IgEaemia.[11](#acn3715-bib-0011){ref-type="ref"}, [12](#acn3715-bib-0012){ref-type="ref"}, [13](#acn3715-bib-0013){ref-type="ref"} Here, we report inflammatory fibrosis of the dura mater of LATY136F mutant mice with a marked upregulation of the transforming growth factor‐*β* (TGF‐*β*)/SMAD pathway, which was effectively treated with irbesartan, an angiotensin II receptor type I (AT1) blocker, which suppressed TGF‐*β* signaling.

Materials and Methods {#acn3715-sec-0006}
=====================

Human subjects {#acn3715-sec-0007}
--------------

Autopsied dura specimens of patients with IgG4‐related HP,[14](#acn3715-bib-0014){ref-type="ref"} myeloperoxidase (MPO)‐ANCA‐related HP, idiopathic HP, and cerebral infarction were obtained from the Department of Neuropathology, Institute for Medical Science of Aging, Aichi Medical University (Aichi, Japan) ([Table S1](#acn3715-sup-0002){ref-type="supplementary-material"}). This study involving the analysis of consenting human subjects was approved by The Kyushu University Institutional Review Board for Clinical Research.

Mice {#acn3715-sec-0008}
----

Transgenic offspring of LATY136F mutant mice were genotyped by polymerase chain reaction (PCR) using DNA obtained from ear biopsies. The primer pair for PCR amplification was LATY136F D (5′‐GTGGCAAGCTACGAGAACCAGGGT‐3′ and LATY136F U (5′‐GACGAAGGAGCAAAGGTGGAAGGA‐3′). This study was approved by the Recombinant DNA Experiment Safety Committee of the Graduate School of Medical Sciences, Kyushu University. Animals were handled consistent with the guidelines for the care and use of laboratory animals of our institution.

Pathological analysis {#acn3715-sec-0009}
---------------------

The brain plus skull and the cervical spinal cord plus spinal column were placed in Plank‐Rychlo Solution (Muto Pure Chemicals, Co. Ltd., Tokyo, Japan) for decalcification at 4°C overnight. The tissues were fixed in 10% buffered formalin and processed into paraffin sections (5 μm thick). All sections underwent hematoxylin and eosin (HE) and Masson\'s trichrome (MT) staining. For immunohistochemistry, deparaffinized sections were hydrated in ethanol and then incubated with 0.3% hydrogen peroxide in absolute methanol for 30 min. The sections were incubated with a primary antibody ([Table S2](#acn3715-sup-0002){ref-type="supplementary-material"}) at 4°C overnight. After rinsing, sections were subjected to labeling with the Envision system (DakoCytomation, Glostrup, Denmark).

Indirect immunofluorescence and confocal laser microscopy {#acn3715-sec-0010}
---------------------------------------------------------

All sections were deparaffinized in xylene and rehydrated through an ethanol gradient. Sections were then incubated with primary antibodies at 4°C overnight. After rinsing, sections were incubated with Alexa 488‐conjugated goat anti‐mouse IgG and Alexa 546‐conjugated goat anti‐rabbit IgG (Invitrogen, Carlsbad, CA), and then counterstained with DAPI. Images were captured using a confocal laser microscope system (Nikon A1, Nikon, Tokyo, Japan).

Evaluation of lesion distribution in dural tissues {#acn3715-sec-0011}
--------------------------------------------------

Brains plus skulls were sliced into coronal sections and examined at five levels: frontal lobe, corpus callosum, hippocampus, brainstem, and cerebellum. The pathology of dura mater around the superior sagittal sinus (SSS) and that of the calvaria at each level were analyzed. The extent of lesions was determined by assessing the inflammatory infiltrates and thickening of the dura at each level of tissue stained with HE. Inflammatory cells infiltrating the dura mater limited to an area around the SSS were termed "DM‐S" lesions, while lesions affecting both the dura mater around the SSS area and toward the calvaria from the SSS were termed "DM‐C".

Quantification of inflammatory cells and thickening of the dura mater {#acn3715-sec-0012}
---------------------------------------------------------------------

The sections used for immunostaining and HE staining were also used for manual counting of the absolute number of infiltrating inflammatory cells, including CD3^+^ T cells, B220^+^ B cells, CD138^+^ plasma cells, F4/80^+^ macrophages, IgG1‐positive cells, and polymorphonuclear leukocytes in dural lesions of DM‐S and DM‐C in LATY136F mutant mice. We also manually counted the absolute number of CD3^+^ T cells, B220^+^ B cells, and F4/80^+^ macrophages merged with TGF‐*β*1 or phosphorylated SMAD2/SMAD3 staining. To assess the thickening of the cranial dura mater and the cervical spinal cord dura, areas of thickened dura mater from LATY136F mutant and WT mice were calculated using ImageJ/Fiji at the same magnification (10× objective) and values are presented as mm^2^.

Grading fibrotic thickening of the dura {#acn3715-sec-0013}
---------------------------------------

Paraffin sections stained with HE or Masson\'s trichrome stain were systematically scanned at the same magnification using a microscope (10× objective). Each successive field was individually assessed for dural fibrosis thickness and allotted a score from 0 to 3 using the following predetermined scale of severity: grade 0, no fibrosis of the dura (thickness \< 10 *μ*m); grade 1, mild fibrosis of the dura (thickness \< 10--50 *μ*m); grade 2, moderate fibrosis of the dura (thickness \< 50--100 *μ*m); and grade 3, severe fibrosis of the dura (thickness \> 100 *μ*m).

Western blotting {#acn3715-sec-0014}
----------------

Dura mater of mice (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice) were collected in lysis matrix D tubes (MP Biomedicals, Solon, OH) and immersed in a mixture of radioimmunoprecipitation assay buffer and 0.5% sodium dodecyl sulfate. Thirty micrograms of tissue was subjected to electrophoresis in a 4%--15% Mini‐PROTEAN TGX gel (Bio‐Rad, Hercules, CA) and blotted onto a polyvinyldifluoridine membrane. After blotting, membranes were incubated in 5% skim milk or Blocking One‐P (Nacalai Tesque, Kyoto, Japan). After washing, the membrane was incubated with primary antibodies ([Table S3](#acn3715-sup-0002){ref-type="supplementary-material"}) overnight at 4°C. Membranes were incubated with horseradish peroxidase‐conjugated secondary antibodies and then visualized by enhanced chemiluminescence (ECL Western Blotting Detection Reagents, GE Healthcare Bio‐Sciences AB, Uppsala, Sweden).

MRI analysis {#acn3715-sec-0015}
------------

Brain MRI was performed using a 1.5 T MR VivoLVA scanner (DS Pharma Biomedical Co. Ltd., Osaka, Japan), and 1‐mm‐thick slices were obtained. Mice were anesthetized by 2.5% isoflurane and subsequently administered 200 *μ*L of 20 mmol/L gadolinium‐diethylenetriamine penta‐acetic acid (Gd‐DTPA) (Magnevist; Bayer, Leverkusen, Germany) through the tail vein. After 2 min, Gd‐DTPA‐enhanced T1‐weighted images were obtained. For the quantitative analysis of Gd‐enhanced lesions, an area measuring 2 × 6 pixels was defined as the region of interest (ROI) within a Gd‐enhanced lesion. The mean intensity change for each pixel (*x*) was then calculated as follows: *x *= \[(intensity of contrast‐enhanced image − intensity of precontrast‐enhanced image)/intensity of precontrast‐enhanced image\] × 100. The mean values for the change in intensity were calculated for each mouse.

Irbesartan treatment {#acn3715-sec-0016}
--------------------

LATY136F mutant mice aged 3 weeks (*N *=* *6 LATY136 mutant mice and *N *=* *5 WT mice) were orally administered PBS as a placebo or 50 mg/kg per day of irbesartan (Wako Pure Chemical Industries Ltd., Osaka, Japan) for three consecutive weeks, based on a previous report.[15](#acn3715-bib-0015){ref-type="ref"} These mice were sacrificed at 6 weeks of age.

Statistical analysis {#acn3715-sec-0017}
--------------------

JMP pro software (ver. 11.0.0; SAS Institute Japan, Tokyo, Japan) and Prism software (GraphPad 6.0, La Jolla, CA) were used to conduct statistical analyses. All data are expressed as the mean ± standard deviation (S.D.). Differences in the frequency of inflammatory foci in dura between WT and LATY136F mutant mice were examined for significance using Fisher\'s exact probability test. The statistical significance of the differences among three or more groups was determined using one‐way ANOVA followed by a post hoc multiple‐comparisons test (Tukey\'s). Values of *P *\<* *0.05 were considered statistically significant.

Results {#acn3715-sec-0018}
=======

Identification of dural inflammation and fibrosis in LATY136F mutant mice {#acn3715-sec-0019}
-------------------------------------------------------------------------

Three‐week‐old LATY136F mutant mice displayed the spontaneous infiltration of immune cells in the cranial dura mater, followed by a marked thickening of the dura ([Fig. S1](#acn3715-sup-0001){ref-type="supplementary-material"}). Such inflammatory changes in LATY136F mice were prominent in the dura around the SSS (DM‐S) and extended toward the calvaria over the frontal and posterior cranial regions (DM‐C) (Fig. [1](#acn3715-fig-0001){ref-type="fig"}A and B). Inflammatory infiltrates accumulated focally around the SSS and persisted until 13 weeks of age while dura over the cerebellum and the cervical spinal cord showed only minor inflammation (Fig. [1](#acn3715-fig-0001){ref-type="fig"}A and B). Furthermore, fibrotic changes in the cranial dura appeared in inflammatory lesions around the DM‐S at 3 weeks of age and extended to the DM‐C at 6 weeks of age, where the fibrotic thickening grades of the dura became more severe with increased age (Fig. [2](#acn3715-fig-0002){ref-type="fig"}A--F). Moreover, storiform fibrosis and obliterative phlebitis, characteristic of IgG4‐related HP,[16](#acn3715-bib-0016){ref-type="ref"} were observed at 13 weeks of age (Fig. [2](#acn3715-fig-0002){ref-type="fig"}D). Fibrotic areas in the cranial dura were significantly larger in LATY136F mice than in WT mice (Frontal level, *P *\<* *0.05 at 3, 6, and 13 weeks of age; Brainstem level, *P *\<* *0.05 at 6 and 13 weeks of age) (Fig. [2](#acn3715-fig-0002){ref-type="fig"}G). The fibrotic areas of the cranial dura in LATY136F mutant mice were significantly increased in an age‐dependent manner compared with controls (Fig. [2](#acn3715-fig-0002){ref-type="fig"}G). In affected dura with prominent fibrotic changes, collagen type I, and fibronectin were densely deposited as assessed by immunostaining (Fig. [2](#acn3715-fig-0002){ref-type="fig"}E). In addition, dura at the cervical spinal cord also showed fibrotic thickening with increased age, which was significantly more prominent in LATY136F mice than in WT mice at later stages (*P *\<* *0.05 at 13 weeks of age) (Fig. [2](#acn3715-fig-0002){ref-type="fig"}G).

![Lesion distribution in the dura of LATY136F homozygous mutant mice. (A) Hematoxylin and eosin (HE) staining of tissues from wild‐type (WT) and LATY136F mutant mice aged 13 weeks. In LATY136F mutant mice, infiltrated inflammatory cells were distributed in the dura mater around the superior sagittal sinus (SSS) at the frontal, corpus callosum, hippocampal, and brainstem levels in LATY136F mutant mice (*arrows*). At the brainstem level, inflammatory cells extended toward the calvaria from the SSS (*arrowheads*). Scale bars, 500 *μ*m (low magnification column); 100 *μ*m (high‐magnification column). (B) Frequency of inflammatory cell infiltrates in the dura mater around the SSS (DM‐S) and toward the calvaria from the SSS (DM‐C) in each cranial region level. The presence or absence of accumulated inflammatory cells (inflammatory foci, *arrows* in Fig. [1](#acn3715-fig-0001){ref-type="fig"}A) at DM‐S or DM‐C was evaluated by HE staining. The percentage indicates the ratio of the number of mice with dural inflammation in each region level of WT and LATY136F mutant mice (*N *=* *8 LATY136 mutant mice and *N *=* *8 WT mice). *P* values calculated by Fisher\'s exact probability test. \**P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001.](ACN3-6-431-g001){#acn3715-fig-0001}

![Fibrotic changes in the dura mater of LATY136F mice. (A) Hematoxylin and eosin (HE) and Masson\'s trichrome (MT) staining of dural lesions in LATY136F mutant mice aged 6 weeks. Inflammatory lesions with mild fibrotic changes are visible in the dura mater around the SSS as well as extending toward the calvaria from the SSS (*arrowheads*,DM‐C). No inflammatory changes are present in the cerebral parenchyma adjacent to dural lesions. Asterisk indicates SSS. Scale bars, 100 *μ*m. (B) High‐magnification view of a dural lesion shown in Panel A. HE staining shows inflammatory cells including mononuclear and polymorphonuclear cells. MT staining detected reticular collagenous fibers shown as blue in this lesion. Scale bars, 20 *μ*m. (C) HE and MT staining of dural lesions in LATY136F mutant mice aged 13 weeks. Inflammatory lesions with dense fibrotic changes are present in the dura mater as DM‐C (*arrowheads*). Scale bars, 100 *μ*m. (D) Storiform fibrosis and obliterative phlebitis in dural lesions of LATY136F mutant mice aged 13 weeks. HE staining shows severe dural vein stenosis associated with massive inflammatory infiltrates. This venous lumen is identified by the existence of erythrocytes (*arrows*). MT staining shows distinctive fibrosis with an irregular whorled or star‐like pattern (storiform fibrosis). Scale bars, 20 *μ*m. (E) MT staining demonstrates fibrotic changes and thickening of the inflamed dura mater in LATY136F mutant mice aged 3, 6, and 13 weeks. Immunostaining of collagen type I and fibronectin shows a dense deposition of these molecules in the affected dural areas. Panels in the second to fourth rows show higher magnification of the black‐boxed areas in the first row. Scale bars 100 *μ*m (top rows); 20 *μ*m (other panels). (F) Grading of the fibrous dural thickening at 3, 6, and 13 weeks of age in LATY136F mutant and wild‐type (WT) mice. (G) Areas of dural fibrosis determined by Masson\'s trichrome stain in LATY136F mutant mice increased with age. Fibrotic areas were calculated using ImageJ/Fiji software (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). *P* values calculated by Tukey\'s post hoc test after one‐way ANOVA. \*\**P *\<* *0.01, \*\*\**P *\<* *0.001.](ACN3-6-431-g002){#acn3715-fig-0002}

Profile of inflammatory infiltrates in dural lesions of LATY136F mutant mice {#acn3715-sec-0020}
----------------------------------------------------------------------------

Immunostaining analyses demonstrated that B220^+^ B cells and IgG1^+^ cells focally infiltrated the dura near the SSS at 3 weeks of age in LATY136F mutant mice (Fig. [3](#acn3715-fig-0003){ref-type="fig"}A). B220^+^ B cells, IgG1^+^ cells, CD138^+^ plasma cells, CD3^+^ T cells, and F4/80^+^ macrophages abundantly infiltrated the inflammatory lesions of the dura at 3, 6, and 13 weeks of age in all LATY136F mutant mice examined. The numbers of infiltrated inflammatory cells were significantly increased with age at both the frontal and brainstem levels (Fig. [3](#acn3715-fig-0003){ref-type="fig"}B). The number of polymorphonuclear cells in the dura of LATY136F mutant mice peaked at 6 weeks of age and then decreased at 13 weeks of age (Fig. [3](#acn3715-fig-0003){ref-type="fig"}B).

![Characterization of infiltrated inflammatory cells in the dura mater. (A) Hematoxylin and eosin (HE) staining and immunostaining in dural lesions of wild‐type (WT) mice at 13 weeks of age and LATY136F mutant mice at 3, 6, and 13 weeks of age. Panels in the second row show higher magnification of the black‐boxed areas in the first row. HE staining indicates large amounts of inflammatory infiltrates containing mononuclear and polymorphonuclear cells (second row, insets) in the dura mater of LATY136F mutant mice. Immunostaining demonstrates that mononuclear cells consist of B220^+^ B cells, CD138^+^ plasma cells, CD3^+^ T cells and F4/80^+^ macrophages. Immunoreactivity for IgG1 is robustly positive in infiltrated immune cells. Scale bars 20 *μ*m. (B) The number of infiltrated inflammatory cells in the dura mater of WT mice aged 13 weeks and LATY136F mutant mice aged 3, 6, and 13 weeks. Mean numbers + S.D. of infiltrated inflammatory cells in DM‐S and DM‐C at frontal and brainstem levels are expressed as bars, while open circles represent the absolute number in individual mice (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). *P* values calculated by Tukey\'s post hoc test after one‐way ANOVA. \**P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001.](ACN3-6-431-g003){#acn3715-fig-0003}

Upregulation of TGF‐β/SMAD signaling in the dural lesions of LATY136F mutant mice {#acn3715-sec-0021}
---------------------------------------------------------------------------------

Immunoreactivity for TGF‐β1 was markedly upregulated and phosphorylated SMAD2 and SMAD3 were abundantly present in the dural lesions of LATY136F mice but not in WT mice (Fig. [4](#acn3715-fig-0004){ref-type="fig"}A). Double immunostaining revealed that TGF‐β1 was most frequently expressed in F4/80^+^ macrophages, followed by B220^+^ B cells, but in few CD3^+^ T cells (Fig. [4](#acn3715-fig-0004){ref-type="fig"}B and C). By contrast, TGF‐*β*RI was predominantly expressed on fibroblasts, but not on other inflammatory cells such as B220^+^ B cells, F4/80^+^ macrophages or CD3^+^ T cells in inflamed dural lesions (Fig. [4](#acn3715-fig-0004){ref-type="fig"}D). Quantitative western blotting analysis also demonstrated the upregulation of TGF‐*β*1 (*P *\<* *0.0001) and TGF‐*β*RI (*P *=* *0.041), and the phosphorylation of SMAD2 (*P *=* *0.004) and SMAD3 (*P *=* *0.009) in the dura of LATY136F mutant mice but not in WT mice at 13 weeks of age (Fig. [4](#acn3715-fig-0004){ref-type="fig"}E and F). Nuclear staining of phosphorylated SMAD2 and SMAD3 was significantly more frequent in fibroblasts than in B220^+^ B cells, F4/80^+^ macrophages and CD3^+^ T cells (Fig. [5](#acn3715-fig-0005){ref-type="fig"}A--D).

![Upregulation of TGF‐*β*/SMAD signaling in LATY136F mice. (A) Expressions of TGF‐*β*1, and non‐phosphorylated and phosphorylated SMAD2/SMAD3 in the inflamed dura mater of LATY136F mutant mice aged 3, 6, and 13 weeks. The panels are a higher magnification of the black‐boxed areas in the first row of Fig. [3](#acn3715-fig-0003){ref-type="fig"}E. Scale bars, 20 *μ*m. (B) Expression of TGF‐*β*1 is colocalized with B220^+^ B cells, F4/80^+^ macrophages, and low numbers of CD3^+^ T cells in inflammatory lesions of the dura in LATY136F mutant mice aged 6 weeks. Scale bars, 50 *μ*m (top and middle rows); 10 *μ*m (bottom row). (C) Frequency of TGF‐*β*1‐positive cells in the dural lesions of LATY136F mutant mice aged 6 weeks (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). Expression of TGF‐*β*1 was significant and highest in F4/80^+^ macrophages, followed by B220^+^ B cells. (D) Upper panels show single immunostaining of fibroblasts and TGF‐*β* receptor I (TGF‐*β* RI) with a similar staining pattern to the dural lesions of 6‐week‐old LATY136F mutant mice. Lower panels show double immunostaining of fibroblasts, B220^+^ B cells, F4/80^+^ macrophages, CD3^+^ T cells and TGF‐*β* RI in the dural lesions of 6‐week‐old LATY136F mutant mice. TGF‐*β* RI is predominantly expressed in fibroblasts. Scale bars, 10 *μ*m. (E, F) Quantitative western blot analysis of TGF‐*β*/SMAD2/SMAD3 signaling in the dura of LATY136F mutant mice. (E) Representative images of TGF‐*β*1, TGF‐*β* RI, p‐SMAD2 and p‐SMAD3 immunoblots obtained from wild‐type (WT) mice and LATY136F mutant mice at 13 weeks of age (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). *β*‐actin and SMAD2/SMAD3 blots for loading controls are shown under each protein blot. (F) Results of quantitative analysis for each protein. The expression levels of TGF‐*β*1 and TGF‐*β* RI are significantly increased in the dura of LATY136F mutant mice compared with WT mice. In addition, phosphorylated SMAD2 and SMAD3 are significantly increased in the dura of LATY136Y mutant mice. *P* values calculated by Tukey\'s post hoc test after one‐way ANOVA. \**P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001.](ACN3-6-431-g004){#acn3715-fig-0004}

![Expression of non‐phosphorylated and phosphorylated SMAD2/SMAD3 in fibroblasts in the dural lesions of LATY136F mutant mice. (A) Double immunofluorescence staining for reticular fibroblasts (*green*) and non‐phosphorylated and phosphorylated SMAD2/SMAD3 (*red*) in the dural lesions of LATY136F mutant mice aged 6 weeks. Non‐phosphorylated SMAD2 and SMAD3 are predominantly expressed in the cytoplasm, while phosphorylated SMAD2 and SMAD3 are mainly localized in the nuclei of fibroblasts (*arrows*). Fibroblast nuclei (DAPI,*blue*) have an elongated shape, which differs from infiltrated inflammatory cells. Scale bars, 10 *μ*m. (B, C) Double immunofluorescence staining of infiltrated B220^+^ B cells, F4/80^+^ macrophages or CD3^+^ T cells (*green*) with non‐phosphorylated SMAD2 or SMAD3 (*red*) in the dural lesions of LATY136F mutant mice aged 6 weeks. Non‐phosphorylated SMAD2/SMAD3 are expressed in the cytoplasm of B220^+^ B cells, F4/80^+^ macrophages and CD3^+^ T cells (*arrows*). Scale bars, 10 *μ*m. (D) Frequency of the nuclear staining of phosphorylated SMAD2 and SMAD3 in the dural lesions of LATY136F mutant mice aged 6 weeks (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). Nuclear phosphorylated SMAD2 and SMAD3 were significantly higher in fibroblasts than in B220^+^ B cells, F4/80^+^ macrophages and CD3^+^ T cells. *P* values calculated by Tukey\'s post hoc test after one‐way ANOVA. \*\**P *\<* *0.01.](ACN3-6-431-g005){#acn3715-fig-0005}

Detection of active dural inflammation in LATY136F mutant mice by MRI {#acn3715-sec-0022}
---------------------------------------------------------------------

Longitudinal MRI studies showed that the dura mater had focal curvilinear contrast enhancement around the SSS and scattered enhancement over the frontal, temporal, parietal, and occipital lobes on Gd‐DTPA‐enhanced images of LATY136F mutant mice aged 3 weeks (Fig. [6](#acn3715-fig-0006){ref-type="fig"}A). Such dural enhancement was identified in all LATY136F mutant mice tested and extended over the cerebrum and cerebellum at 6 and 13 weeks of age (Fig. [6](#acn3715-fig-0006){ref-type="fig"}A). The quantitative analysis of enhanced lesions revealed that dural areas with focal enhancement after Gd‐DTPA were significantly larger in LATY136F mice than in WT mice (*P *=* *0.004 at 3 weeks of age, *P *=* *0.0038 at 6 weeks of age, and *P *=* *0.03 at 13 weeks of age) and increased with age only in LATY136F mutant mice (Fig. [6](#acn3715-fig-0006){ref-type="fig"}B).

![Detection of dural lesions by MRI and treatment effects of irbesartan on dural inflammation and fibrosis in LATY136F mutant mice. (A) Coronal T1‐weighted MR images with pre‐ or post‐Gd‐DTPA administration. Focal enhancement of the dura is seen on postcontrast images (*arrowheads*). The imaging parameters for the brain MRI are as follows: T1‐weighted gradient echo imaging using a repetition time/echo time of 100/6 msec; field‐of‐view, 32 × 32 mm; matrix, 128 × 256; accumulations, 8. (B) Quantification of dural enhancement. Mean rates of intensity changes in regions of interest between pre‐ and post‐Gd‐DTPA administration (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). (C) Immunostaining of inflammatory cell markers in the dural lesions of LATY136F mutant mice treated with irbesartan or phosphate‐buffered saline (PBS). Scale bars, 10 *μ*m. (D) Infiltrated inflammatory cell number in the dura mater of irbesartan‐ or PBS‐treated LATY136F mutant mice. Mean number of infiltrated inflammatory cells in DM‐S and DM‐C at the brainstem level is expressed as bars, and open circles represent the absolute number in an individual mouse (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). (E) Masson\'s trichrome (MT) stain and immunostaining of dural fibrosis in LATY136F mutant mice treated with irbesartan or PBS. Scale bars, 100 *μ*m (top row); 10 *μ*m (other panels). Panels in the second to sixth rows show a higher magnification of the black‐boxed areas in the first row. (F) Area of dural fibrosis at the brainstem level in irbesartan‐ or PBS‐treated LATY136F mutant mice and WT mice (*N *=* *5 LATY136 mutant mice and *N *=* *5 WT mice). Although LATY136F mutant mice displayed normal peripheral lymphoid organs at birth, their spleen and lymph nodes started to enlarge at 3 weeks of age compared with WT or heterozygous mutant mice.[11](#acn3715-bib-0011){ref-type="ref"}, [12](#acn3715-bib-0012){ref-type="ref"}, [13](#acn3715-bib-0013){ref-type="ref"} Microscopically, various immune cells, including lymphocytes, macrophages, polymorphonuclear cells, and IgG1^+^ cells abundantly infiltrated around the blood vessels of these organs and fibrotic changes with dense collagen deposition also occurred at 6 and 13 weeks (data not shown). Irbesartan administration suppressed the enlargement of the spleen, liver, and lungs, where perivascular inflammatory infiltrates and fibrotic changes were markedly diminished (data not shown). No fibrotic changes were observed in these organs of WT mice aged 13 weeks. \**P *\<* *0.05, \*\**P *\<* *0.01, \*\*\**P *\<* *0.001 (Tukey\'s post hoc test after one‐way ANOVA).](ACN3-6-431-g006){#acn3715-fig-0006}

Suppression of dural inflammation and fibrosis in LATY136F mutant mice by the therapeutic administration of irbesartan {#acn3715-sec-0023}
----------------------------------------------------------------------------------------------------------------------

We treated LATY136F mutant mice with irbesartan from 3 to 6 weeks of age. Irbesartan administration completely abolished the Gd‐DTPA enhancement of the dura mater in all treated LATY136F mutant mice at 6 weeks of age (Fig. [6](#acn3715-fig-0006){ref-type="fig"}A). Histologically, irbesartan significantly decreased the number of infiltrated B220^+^ B cells (*P *=* *0.005), CD138^+^ plasma cells (*P *=* *0.0019), IgG1^+^ cells (*P *\<* *0.0001), F4/80^+^ macrophages (*P *\<* *0.0001), CD3^+^ T cells (*P *=* *0.047) and polymorphonuclear cells (*P *\<* *0.0001) in the dural lesions (Fig. [6](#acn3715-fig-0006){ref-type="fig"}C, D). The immunoreactivity levels of TGF‐β1 as well as nonphosphorylated and phosphorylated SMAD2/SMAD3 were also diminished (Fig. [6](#acn3715-fig-0006){ref-type="fig"}E), and the areas of dural fibrosis were markedly decreased by irbesartan treatment (*P *=* *0.0006, Fig. [6](#acn3715-fig-0006){ref-type="fig"}F).

Upregulation of TGF‐β/SMAD signaling in autopsied tissues from human HP patients {#acn3715-sec-0024}
--------------------------------------------------------------------------------

Massive inflammatory cell infiltration and fibrotic changes of the thickened dura were observed in IgG4‐related HP (Fig. [7](#acn3715-fig-0007){ref-type="fig"}). We found markedly increased immunoreactivities of TGF‐*β*RI, SMAD2, and SMAD3, and phosphorylated SMAD2 and SMAD3 in dural lesions near the SSS in IgG4‐related HP (Fig. [7](#acn3715-fig-0007){ref-type="fig"}). We then examined the dura mater from autopsied patients with MPO‐ANCA‐related HP, and idiopathic HP, both of which demonstrated inflammatory infiltrates and fibrotic changes in the dural lesions. Surprisingly, increased immunoreactivities of TGF‐*β*RI, SMAD2, and SMAD3 and phosphorylated SMAD2 and SMAD3 were also detected in the inflamed dural lesions of MPO‐ANCA‐related HP and idiopathic HP (Fig. [7](#acn3715-fig-0007){ref-type="fig"}).

![Upregulation of TGF‐*β*/SMAD signaling in the inflamed fibrotic dural lesions of patients with hypertrophic pachymeningitis (HP). Hematoxylin and eosin (HE) staining and immunostaining for TGF‐*β* RI and SMAD2/SMAD3 of dural tissues from patients with IgG4‐related HP (HP‐IgG4), MPO‐ANCA‐related HP (HP‐ANCA), idiopathic HP (HP‐unknown), and cerebral infarction (control case). Panels of the top row show the overview of dura from each autopsied case and other panels show a higher magnification of the squared areas in panels of the top row. In HP‐IgG4, diffuse inflammatory cell infiltration and severe interstitial fibrosis are seen. In HP‐ANCA, diffuse infiltrates in the dura consist predominantly of lymphocytes, plasma cells, and neutrophils with a thickening of vessel walls indicating vasculitis. Giant cells and severe interstitial fibrosis are also present in this lesion. In HP‐unknown, moderate inflammatory infiltrates consisting of lymphocytes and moderate fibrotic changes are visible. Scale bars, 4 mm (top rows); 50 *μ*m (other panels).](ACN3-6-431-g007){#acn3715-fig-0007}

Discussion {#acn3715-sec-0025}
==========

The lymphoplasmacytic infiltration of IgG1^+^ (equivalent to human IgG4^+^) cells together with storiform fibrosis and obliterative phlebitis in LATY136F mice suggests that the essential components of human IgG4‐related HP are reproduced in this animal model. The more severe involvement of the cranial dura mater rather than the spinal dura mater is also common in human IgG4‐related HP and LATY136F mutant mice.[6](#acn3715-bib-0006){ref-type="ref"} Accordingly, we report that LATY136F mice are a suitable model of human IgG4‐related HP. In LATY136F mutant mice, overproduced Th2 cytokines drive plasma cell differentiation and proliferation with class switching to IgG1 and IgE.[11](#acn3715-bib-0011){ref-type="ref"}, [12](#acn3715-bib-0012){ref-type="ref"}, [13](#acn3715-bib-0013){ref-type="ref"} The same is true for human IgG4.[17](#acn3715-bib-0017){ref-type="ref"}, [18](#acn3715-bib-0018){ref-type="ref"}, [19](#acn3715-bib-0019){ref-type="ref"} Therefore, it is likely that Th2 cells play a crucial role in human IgG4‐related HP as well as in the LATY136F mutant mouse model.

The robust production of TGF‐*β*1 in infiltrating B cells and macrophages together with the upregulation of TGF‐*β*RI and phosphorylated SMAD2/SMAD3 in fibroblasts was evident in the afflicted dura of LATY136F mutant mice. Activated B cells play a pathogenic role in tissue fibrosis[20](#acn3715-bib-0020){ref-type="ref"} and were reported to produce TGF‐*β*1 as well as IL‐6, which induces Th2‐immune responses that increase extracellular matrix deposition during fibrosis. Regarding macrophages, there is growing evidence for a close relationship between macrophages and fibroblasts.[21](#acn3715-bib-0021){ref-type="ref"} Inflammatory macrophages secrete cytokines and chemokines that activate and recruit fibroblasts. Especially, the tissue repair phenotype of macrophages, polarized by Th2 cytokines, activated fibroblasts through the release of TGF‐*β*1.[22](#acn3715-bib-0022){ref-type="ref"} Importantly, the upregulation of TGF‐*β*RI and phosphorylation of SMAD2/SMAD3 in fibroblasts was also observed in the dural lesions of human HP patients, including IgG4‐related HP as well as ANCA‐related and idiopathic HP. These findings suggest that dural fibrosis is driven by the TGF‐*β*1/SMAD2/SMAD3 pathway, regardless of the baseline conditions of HP. Indeed, several lines of evidence indicate that TGF‐*β*1 and SMAD2/SMAD3 signaling act as master regulators of fibrosis, inducing the upregulation of collagen, fibronectin, and α‐smooth muscle actin (α‐SMA) in fibroblasts of multiple organs in humans and rodent models.[23](#acn3715-bib-0023){ref-type="ref"}, [24](#acn3715-bib-0024){ref-type="ref"}, [25](#acn3715-bib-0025){ref-type="ref"}, [26](#acn3715-bib-0026){ref-type="ref"}, [27](#acn3715-bib-0027){ref-type="ref"} We therefore suggest that the TGF‐*β*1/SMAD2/SMAD3 pathway might be a hitherto unknown therapeutic target for HP. In addition, TGF‐*β*1 facilitates the cell surface translocation of proteinase 3,[28](#acn3715-bib-0028){ref-type="ref"}, [29](#acn3715-bib-0029){ref-type="ref"} a major target antigen of ANCA, and the formation of neutrophil extracellular traps,[30](#acn3715-bib-0030){ref-type="ref"}, [31](#acn3715-bib-0031){ref-type="ref"} which induce ANCA and ANCA‐like disease in mice.[32](#acn3715-bib-0032){ref-type="ref"} Thus, TGF‐*β*1 may also worsen ANCA‐related vasculitis and HP.

Our study is the first to demonstrate that the therapeutic administration of irbesartan *after* the inflammatory cell infiltration of the dura mater effectively ameliorates HP and decreases multiple organ fibrosis in LATY136F mutant mice. Angiotensin II is now recognized as a growth factor that regulates cell growth and fibrogenesis by increasing the levels of TGF‐*β*1[33](#acn3715-bib-0033){ref-type="ref"} and connective tissue growth factors.[34](#acn3715-bib-0034){ref-type="ref"} AT1 blockade abrogates angiotensin II‐induced connective tissue growth factor, collagen type I, and α‐SMA expression by a TGF‐*β*‐dependent SMAD3 signaling pathway.[34](#acn3715-bib-0034){ref-type="ref"}, [35](#acn3715-bib-0035){ref-type="ref"} Thus, irbesartan acts as an AT1 blocker to inhibit fibroblast proliferation and collagen type I accumulation, thereby reducing tissue fibrosis. Irbesartan also modulates inflammatory responses by suppressing T cell activation.[36](#acn3715-bib-0036){ref-type="ref"}, [37](#acn3715-bib-0037){ref-type="ref"} Consistent with this function, irbesartan inhibited the accumulation of immune cells in inflammatory lesions of the dura of LATY136F mutant mice. Thus, these dual functions of irbesartan might potentially contribute to its therapeutic effects in HP; however, in our model, the reduction in dural fibrosis was more pronounced than the inhibition of inflammatory cell infiltration. This suggests that the blockade of TGF‐*β* and SMAD2/SMAD3 signaling is critical for the treatment of HP. Inflammation might be triggered by various causes in HP, while tissue fibrosis is a common feature in all patients with HP.[16](#acn3715-bib-0016){ref-type="ref"}, [38](#acn3715-bib-0038){ref-type="ref"} Thus, TGF‐*β* and SMAD2/SMAD3 blockade by AT1 blockers, such as irbesartan, may provide a novel therapeutic approach for intractable HP in humans.

The present study had some limitations. First, because the amounts of dura mater obtained from mice were very small, quantitative biochemical analyses targeted only the key molecules. Second, autopsied samples from human HP of various causes were also limited, and therefore the human results of the current study should be regarded as preliminary.

In conclusion, we developed a novel mouse model of HP in which the TGF‐*β*1/SMAD2/SMAD3 pathway plays a crucial role in dural inflammatory fibrosis. Because irbesartan efficiently suppressed this pathway, AT1 blockers may be a good therapeutic candidate for future clinical trials of intractable HP.
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